Stability of the long noncoding-polyadenylated nuclear (PAN) RNA from Kaposi's sarcoma-associated herpesvirus is conferred by an expression and nuclear retention element (ENE). The ENE protects PAN RNA from a rapid deadenylation-dependent decay pathway via formation of a triple helix between the U-rich internal loop of the ENE and the 3′-poly(A) tail. Because viruses borrow molecular mechanisms from their hosts, we searched highly abundant human long-noncoding RNAs and identified putative ENE-like structures in metastasis-associated lung adenocarcinoma transcript 1 (MALAT1) and multiple endocrine neoplasia-β (MENβ) RNAs. Unlike the PAN ENE, the U-rich internal loops of both predicted cellular ENEs are interrupted by G and C nucleotides and reside upstream of genomically encoded A-rich tracts. We confirmed the ability of MALAT1 and MENβ sequences containing the predicted ENE and A-rich tract to increase the levels of an intronless β-globin reporter RNA. UV thermal denaturation profiles at different pH values support formation of a triple-helical structure composed of multiple U•A-U base triples and a single C•G-C base triple. Additional analyses of the MALAT1 ENE revealed that robust stabilization activity requires an intact triple helix, strong stems at the duplex-triplex junctions, a G-C base pair flanking the triplex to mediate potential A-minor interactions, and the 3′-terminal A of the A-rich tract to form a blunt-ended triplex lacking unpaired nucleotides at the duplextriplex junction. These examples of triple-helical, ENE-like structures in cellular noncoding RNAs, are unique.
RNA stability | RNA tertiary interactions M ost of the mammalian genome is transcribed into noncoding RNA (ncRNA) (1) . The functions of long ncRNAs (lncRNAs; >200 nt) are only beginning to be elucidated (2) . Recent studies have revealed that lncRNA stability varies widely (<0.5 h to >48 h) and have proposed that transcript half-life is one factor that regulates biological function (3, 4) , but the underlying mechanisms remain poorly understood.
Metastasis-associated lung adenocarcinoma transcript 1 (MALAT1) and multiple endocrine neoplasia-β (MENβ) RNAs are highly abundant, nuclear-localized lncRNAs, the precursors of which contain tRNA-like structures known as mascRNA for MALAT1 and menRNA for MENβ, both of which are substrates for RNase P (5-9). The resulting 5′-cleavage products of MALAT1 and MENβ RNAs terminate with a highly conserved sequence containing two U-rich motifs and a genomically encoded A-rich tract at the 3′ ends (8, 9) . In vitro decay assays have shown that mutations in the U-rich motifs and A-rich tract destabilize mouse MALAT1 RNA fragments, suggesting the structure of this region contributes to RNA stability despite the lack of a traditional poly(A) tail (8, 10) .
Previously, an expression and nuclear retention element (ENE) near the 3′ end of the lnc polyadenylated nuclear (PAN) RNA (∼500,000 copies per cell) produced by the Kaposi's sarcomaassociated herpesvirus (KSHV) was identified and characterized (11, 12) . The ENE (Fig. S1A ) contains a U-rich internal loop that interacts with the 3′-poly(A) tail to protect PAN from a rapid nuclear deadenylation-dependent decay pathway (12) (13) (14) . Crystallographic analysis of the KSHV PAN ENE core complexed with oligo(A 9 ) revealed a triple helix composed of five consecutive U•A-U (where • denotes the Hoogsteen face and -denotes the Watson-Crick face) base triples extended by A-minor interactions with G-C base pairs flanking the U-rich loop (Fig. 1A) (15) .
Bioinformatic searches subsequently uncovered ENEs in RNAs produced by diverse viruses, suggesting a widespread mechanism to counteract host decay pathways (16) . Because viruses borrow mechanisms from their hosts, we searched for ENE-like structures in cellular ncRNAs and identified candidate ENE-like structures in MALAT1 and MENβ ncRNAs. Here, we assess the RNA stabilization activity and characterize the triple-helical features of the putative ENE-like structures from the 3′ ends of mature MALAT1 and MENβ RNAs (Fig. 1A ). These structures have U•A-U base triples flanked by two stems, one predicted to mediate A-minor interactions. The 3′ sides of the U-rich internal loops can form 11 or 9 consecutive Watson-Crick base pairs with the downstream A-rich tract for MALAT1 or MENβ RNA, respectively, and the 5′ sides are proposed to engage in Hoogsteen interactions. Interrupting the U•A-U triple-helical stack is a predicted C•G-C (or C•C-G) triple with an adjacent C-G (or G-C) base pair.
Results
Identification of RNA Sequences from MALAT1 and MENβ with Stabilization Activity. To identify ENE-like structures in cellular ncRNAs, we: (i) performed a literature search for highly-abundant, nuclear-localized lncRNAs in human cells; (ii) visually inspected the 3′ region of each transcript for U-rich sequences upstream of a poly(A) tail or A-rich tract; and (iii) used Mfold to predict the secondary structure. MALAT1 and MENβ ncRNAs fulfilled these criteria. Both putative ENEs are predicted by Mfold to form a stem-loop structure with an asymmetric U-rich internal loop reminiscent of the KSHV PAN ENE (Fig. S1) (17) .
Previously, we assessed the functionality of an ENE by its ability to increase the cellular abundance of an unstable, intronless β-globin (βΔ1,2) reporter (12, 16) . To identify MALAT1 and MENβ sequences that confer stabilization activity, a series of βΔ1,2 reporters was created by inserting various combinations of the predicted ENE, A-rich tract, and tRNA-like region from either MALAT1 or MENβ into the 3′ UTR (Fig. 1B and Fig. S2 ).
Plasmids were transiently transfected into HEK293T cells and mRNA levels were measured via Northern blot analysis (Fig. 1C) . Levels of the βΔ1,2 reporter RNAs increased 45-and 6-fold relative to the empty βΔ1,2 construct upon insertion of the putative ENE, A-rich tract, and tRNA-like region from MALAT1 and MENβ, respectively, in the forward orientation (Fig. 1C, lanes  6 and 16) . Both transcripts appear to have been processed by RNase P because they are shorter and show a sharper band than the empty (polyadenylated) βΔ1,2 reporter RNA. Neither the reverse orientation nor any subset of inserted sequences significantly increased βΔ1,2 transcript levels. Specifically, (i) transcripts with the predicted ENE but without the A-rich tract did not accumulate, whether 3′-end processing proceeded via the canonical cleavage and polyadenylation pathway using the BGH pA signal or via RNase P cleavage by recognition of the mascRNA or menRNA structure [ Fig. 1C , lanes 4 and 14 for poly(A) and lanes 7 and 17 for RNase P]; (ii) transcript accumulation did not occur when the ENE and A-rich tract were embedded internally within the transcript (Fig. 1C , lanes 5 and 15 vs. lanes 6 and 16); and (iii) the presence of a tRNA-like structure that could be processed by RNase P did not suffice for transcript accumulation (Fig. 1C , lanes 6-8 and 16-18) . These findings argue that a functional ENElike structure forms only when the predicted ENE and A-rich tract reside at the 3′ end of a transcript.
To ask whether direct interactions occur between the predicted MALAT1 and MENβ ENEs and the A-rich tracts, gelshift assays were performed with 15mer oligonucleotides that mimic the corresponding A-rich tract for MALAT1 (5′-A 9 GCA 4 -3′) or MENβ (5′-CAG 2 A 5 GCA 4 -3′) (Fig. S3 A-C) . When two Us on the 5′ sides of the U-rich internal loops were substituted with C in the MALAT1 (U8271C/U8275C) or MENβ (U22657C/U22661C) predicted ENEs, the A-rich oligonucleotide bound more weakly than to the WT ENE (Fig. S3) . We conclude that the A-rich tract interacts directly with the U-rich internal loops of the proposed MALAT1 and MENβ ENEs, perhaps by forming triple helices.
Mutational Analyses Support Formation of RNA Triple Helices in Vivo.
Stabilization by the KSHV ENE is conferred by a major groove RNA triple helix, in which the U-rich internal loop sequesters the 3′-poly(A) tail to form five consecutive U•A-U triples (13) (14) (15) . To determine whether the predicted cellular ENEs engage their downstream A-rich tracts to form triple helices in vivo, we converted one putative U•A-U triple stepwise to an isosteric C•G-C triple in the βΔ1,2-MALAT1 and βΔ1,2-MENβ reporter constructs ( Fig. 2 A and C, blue boxes) . At the sites chosen in MALAT1 and MENβ, transcript levels decreased dramatically upon alteration of either one or two nucleotides of the predicted triplet (lanes 3-6 in Fig. 2B and lanes 2-5 in Fig. 2D ). Single compensatory mutations (C•G-U and U•G-C), which should form a C•G Hoogsteen or G-C Watson-Crick base pair, respectively, slightly increased transcript levels (lanes 7 and 8 in Fig.  2B , lanes 6 and 7 in Fig. 2D ). However, the double compensatory (C•G-C) mutants exhibited the highest transcript levels, with recoveries of ∼80% and 70% relative to WT for MALAT1 and MENβ, respectively (lane 9 in Fig. 2B ; lane 8 in Fig. 2D ). These results support formation of as many as four consecutive U•A-U base triples by both ENEs, as pictured in Fig. 2 A and C.
Unlike the viral ENEs identified so far, the U-rich internal loops of both cellular ENEs have intervening C and G nucleotides ( Fig. 1A and Fig. S1 ). Therefore, we also engineered mutations into the lower predicted U•A-U triple helix in the βΔ1,2-MALAT1 ENE+A+mascRNA reporter. When a single U•A-U base triple was stepwise replaced with C•G-C ( Fig. 2A , green box), the single-and double-nucleotide mutations decreased transcript levels, whereas full conversion to a C•G-C triple restored transcript levels to ∼100% of WT (Fig. 2B, lanes 10-16) . Thus, the ENE-like structure of MALAT1 (and presumably MENβ) appears to form stabilizing U•A-U triple helices in vivo on both sides of the C and G nucleotides in the U-rich loop.
Thermal Denaturation Provides Evidence for a C•G-C Base Triple. The proposed ENE-like structures of MALAT1 and MENβ RNA could potentially include a C•G-C base triple (Fig. 1A) . We undertook UV thermal denaturation studies, a useful diagnostic tool because the melting profiles of DNA and RNA triplexes exhibit two distinct transitions: the first represents denaturation of the Hoogsteen face and the second denaturation of the Watson-Crick face (18, 19) . Formation of C•G-C triples is pH- sensitive because the Hoogsteen face is stabilized by protonation of cytosine's N3 position at lower pH (18, 20) . Thus, comparison of RNA melting profiles at pH 5 and pH 7 can potentially reveal whether the Hoogsteen transition is pH dependent, suggesting the presence of a C•G-C triple (18, 20) .
Melting profiles were determined for the five (three WT and two mutant) RNAs depicted in Fig. 2E . For MALAT1 and MENβ RNAs, the WT sequences extend from the predicted ENE to the end of the A-rich tract, but the mutants replace GC in the A-rich tract with AA to disrupt the putative triple helix. We also examined the KSHV PAN ENE core, which does not contain the GC interruption (15) , with a 39-nt A-rich tract added to form an intramolecular RNA triple helix. We first performed gel-shift assays to confirm that the predicted MALAT1 and MENβ ENEs bound several orders of magnitude more weakly to oligo(A 15 ) than to an A-rich oligonucleotide with GC (Figs. S3 B and C and S4).
The melting profiles of all five RNA constructs at pH 7 were biphasic, consistent with denaturation of a triple-helical structure (Fig. 2F ). Melting temperatures (T M ) for the two major transitions were extracted by locating the two largest maxima from a first derivative versus temperature plot (Fig. 2G) ; these values are presented in Table 1 . For the three WT RNA constructs (PAN ENE core + A 32 GA 2 , MALAT1 ENE+A and MENβ ENE+A), the T M for the first transition (T M,1 ) was 56-63°C and the second melting transition (T M,2 ) was 77-84°C. Small differences in T M likely arise from the varying GC content of the three RNA structures (Fig. 1A) . The GC-to-AA mutants for MALAT1 ENE+A and MENβ ENE+A have a T M,2 similar to WT; however, T M,1 is 16°C and 21°C lower than their WT counterparts (Table 1) . Although the GC-to-AA mutation weakens the triple-helical portion of the structures, the flanking stem loops are as stable as WT, consistent with our proposed model (Fig. 1A) . Additional support for assigning the first transition to melting of the Hoogsteen faces of triple helices came from analyzing the same bimolecular constructs used in the gel-shift assays. Melting profiles were monophasic for the KSHV PAN ENE core and the putative MALAT1 and MENβ ENEs alone, but the curves were biphasic when these same RNAs were folded in the presence of an A-rich oligonucleotide to form triplexes (Fig. S5) . These results argue that an RNA triple helix forms in both unimolecular and bimolecular systems.
At pH 5, the melting profiles for the five RNAs (Fig. 2E) were biphasic, but the T M -mainly T M,1 -were shifted compared with pH 7 (Fig. 2F and Table 1 ). T M,2 at pH 5 is within 1°C of the values determined at pH 7 except for the MENβ ENE+A WT and GC-to-AA mutant, which increased by ∼2.5°C at pH 5. The MENβ structure may be more stable at pH 5 because of formation of a noncanonical A•C base pair in the upper stem. For KSHV PAN ENE, T M , 1 is 7°C lower at pH 5 than pH 7, suggesting destabilization of the five U•A-U triples, consistent with previous studies of pure T•A-T or U•A-U triplets (20, 21) . In contrast, the predicted WT MALAT1 and MENβ ENE+A RNAs exhibit T M,1 s that are 5-6°C greater at pH 5 than pH 7. Like WT, both mutant ENE+A RNAs have a higher T M , 1 at pH 5, consistent with stabilization by a protonated cytosine. These pH effects support our structural model, suggesting formation of a C•G-C base triple within the triple helix of the cellular ENEs (Fig. 1A) .
To examine the GC interruption using in vivo stabilization assays, the possible C•G-C or C•C-G triple was stepwise replaced with U•A-U in the βΔ1,2-MALAT1 ENE+A+mascRNA reporter (Fig. S6 ). The mutant with U•A-U replacing C•G-C accumulates to higher βΔ1,2 transcript levels (∼60% of WT) than that with U•A-U replacing C•C-G (∼20% of WT) (Fig.  S6B, lanes 4 and 6) . This result supports formation of C•G-C rather than C•C-G in vivo, although the incomplete rescue is suggestive of additional tertiary or protein interactions.
Nucleotide Content and Alignment of the U-Rich Loop and A-Rich
Tract Are Important for Robust Stabilization. In the β-globin reporter assay, the βΔ1,2 transcripts with the MALAT1 or MENβ ENE insert alone did not accumulate (Fig. 1C, lanes 4 and 14) , likely because the 3′-poly(A) tail of the reporter does not contain the GC nucleotides important for strong interaction with the ENE-like structures (Fig. 2 E-G, and Figs. S4 and S6 ). To test this explanation, the U-rich internal loop and A-rich tract were incrementally converted to all U and A nucleotides, respectively, in the βΔ1,2-MALAT1 ENE and βΔ1,2-MALAT1 ENE+A +mascRNA reporters. The βΔ1,2 transcripts with the mutant MALAT1 ENE, which would be predicted to interact with the poly(A) tail as the KSHV PAN ENE does, exhibited no substantial increase in accumulation relative to WT, including the all-U loop mutant (Fig. 3B, lanes 2-5) . Increasing the U content in the internal loop of the βΔ1,2-MALAT1 ENE+A+mascRNA reporter decreased transcript levels (Fig. 3B, lanes 7-9) and increasing the A content of the A-rich tract did not restore stabilization until the U loop and A tract contained all U and A nucleotides, respectively (Fig. 3B, lanes 10-13) . For the all-U/all-A mutant, the rescue was only ∼15% relative to WT, similar to the reporter level observed with one copy of the KSHV PAN ENE (Fig. 1C, lane 3 and Fig. 3B, lane 13) . We conclude that G and C nucleotides in the U-rich loop and A-rich tract of the proposed MALAT1 ENE-like structure are important for robust stabilization activity.
The intervening GC nucleotides might function to align the A-rich tract specifically with the U-rich loop to create a blunt triple-helical terminus (Fig. 1A) . In their absence, overhanging A nucleotides at the 3′ end could create a substrate for a 3′ exonuclease to initiate decay (22) . To test this idea, A 7 and C 17 were inserted between the A-rich tract and mascRNA of the βΔ1,2-MALAT1 ENE+A+mascRNA construct (Fig. 3A) . Transcript levels were ∼20% of WT, comparable to the all-U/all-A mutant (Fig. 3B, lanes 13-15) . When we tested the effect of shortening the A-rich tract by deleting one A (Fig. 3A, orange box) , transcript levels dropped ∼21-fold relative to WT (Fig. 3B, lane 16) . These results argue that the intervening G and C nucleotides in the U-rich internal loop contribute to transcript abundance by generating a precisely-aligned, triple-helical structure with a blunt end.
Cellular ENEs Require Structures Other than a Triple Helix for
Stabilization Activity. Mutational analysis of the KSHV PAN ENE identified additional features that are functionally important for stabilizing activity (14) . Starting with the βΔ1,2-MALAT1 ENE+A+mascRNA reporter construct, we mutated five additional predicted structural features (Fig. 4A : bulge, linker, hairpin, and stems I and II) and assayed stabilization activity. The predicted GG bulge adjacent to the 3′ side of the U-rich loop was substituted with either UU or CC, slightly increasing levels compared with WT (Fig. 4B, lanes 3 and 4) and suggesting that these nucleotides do not form the G•U base pairs predicted by Mfold (Fig. S1B) . Deletions within the predicted single-stranded linker that connects the U-rich loop to the A tract [AAAAAA (ΔA 6 ) or UAGCUU (ΔN 6 )] yielded levels similar to WT, suggesting no important role for these nucleotides (Fig. 4B, lanes 5 and 6) . The hairpin that extends stem II can likewise be deleted and replaced with a GCAA tetraloop, producing βΔ1,2 transcript levels ∼80% relative to WT (Fig. 4B, lane 7) .
In contrast, creating double C-C and G-G mismatches in stems I and II of the predicted ENE dramatically reduced βΔ1,2-MALAT1 ENE+A+mascRNA transcript levels, with Fig. 2E † Melting temperatures are reported in degrees Celsius as the average of three independent measurements ± SD. compensatory mutations restoring stabilization activity to ∼50% and ∼100%, respectively (Fig. 4B, lanes 8-13) . Partial rescue by the stem I compensatory mutant indicates the existence of other tertiary interactions, such as the A-minor interactions documented for the KSHV ENE (14, 15) . Introducing a C-C or G-G mismatch for either of the stem I G-C base pairs (upper and lower) decreased reporter levels, but compensatory mutants restored activity to ∼50% and ∼100% of WT for the upper and lower base pair, respectively (Fig. 4B, lanes 14-19) . These structure-function relationships suggest that stabilization activity of the MALAT1 ENE depends on highly structured stems near the duplex-triplex junctions and at least one strong A-minor interaction with the loop-proximal G-C base pair (14, 15) .
Discussion
Although RNA triple helices were discovered more than 50 y ago, their in vivo existence and functional roles have remained elusive. The only cellularly encoded example of a eukaryotic RNA triple helix with three or more consecutive base triples is in the telomerase RNA (20, (23) (24) (25) (26) . Structural studies of the KSHV PAN ENE revealed that a triple helix forms when the U-rich internal loop of the ENE engages the 3′-poly(A) tail of PAN RNA; this structure effectively counteracts host nuclear RNA decay pathways (12) (13) (14) (15) . Here, we have exploited our understanding of the KSHV PAN ENE to discover triple-helical, ENE-like structures in two cellular lncRNAs: MALAT1 and MENβ. We showed that sequences harboring the predicted ENE, A-rich tract, and tRNA-like structure from MALAT1 and MENβ RNAs confer stabilization activity on an intronless β-globin reporter transcript (Fig. 1 B and C) that had previously been used to validate five viral ENEs (12, 16) . Formation of ENE-like structures was subsequently confirmed by mutational analyses. When predicted U•A-U base triples were mutated stepwise, the greatest recovery of stabilization activity was observed for the triple mutants with C•G-C (Fig. 2 A-D) . Thermal denaturation studies on the predicted ENE-containing RNAs from MALAT1 and MENβ revealed two major melting transitions, a signature of DNA and RNA triplex structures (18, 19) , for both intrastrand (Fig. 2F) and interstrand (Fig. S5 ) RNA interactions. The T M,1 is higher at pH 5 than at pH 7, consistent with the presence of a C•G-C triplet in the MALAT1 and MENβ ENE+A structures (Fig. 1A) . This predicted C•G-C triplet can be replaced with U•A-U in the βΔ1,2-MALAT1 ENE+A+mascRNA reporter yielding 60% stabilization activity (Fig. S6) . Collectively, our in vivo and in vitro results are consistent with the predicted ENEs and A-rich tracts of MALAT1 and MENβ forming triple-helical structures.
The U-rich internal loops of the viral (12, 16) and cellular ENEs characterized so far differ in both the number and identity of nucleotides (Fig. 1A) . Based on our mutational analyses using the βΔ1,2-MALAT1 ENE+A+mascRNA reporter, the unique C and G nucleotides of the cellular ENEs likely fix the alignment of the A-rich tract with the U-rich loop so that the 3′-terminal A of the A-rich tract forms a blunt-ended triplex (SI Discussion). The presence of unpaired terminal nucleotides, as in mutants with overhangs (+A 7 or +C 17 ) or a nucleotide deletion (ΔA) at the 3′ end, decreases levels of the βΔ1,2 reporter (Fig. 3) . The lack of robust stabilization activity conferred by the βΔ1,2-MALAT1 ENE all-U mutant (Fig. 3B, lane 5) indicates that a strong ENE-like structure cannot form with a 3′ tail that is purely poly(A) in vivo. Varying βΔ1,2 levels (1.1-to 9.2-fold differences in accumulation) have been observed for one copy of different viral ENEs tested in the β-globin reporter assay (12, 16) . Differences could arise from improper ENE folding because of the sequence context or the distance between the ENE and 3′-poly(A) tail. Such factors have not been tested systematically, although increasing the U content of the U-rich loop unexpectedly decreases stabilization activity of the KSHV PAN ENE (14) .
Overall, features critical for robust stabilization of the βΔ1,2-MALAT1 ENE+A+mascRNA reporter RNA were similar to those established for the KSHV PAN ENE (14): strong duplextriplex junctions and the ability to form at least one A-minor interaction with the uppermost G-C base pair of stem I (Fig. 4) . Structures or sequences that are dispensable for stabilization include the predicted apical hairpin, single-stranded linker, and bulged nucleotides as defined in Fig. 4A . Although the mutational analysis was performed only on the putative MALAT1 ENE-like structure, we predict a similar overall architecture for the MENβ ENE, given its high similarity (Fig. 1A) . However, it is surprising that the stabilization observed for the βΔ1,2-MALAT1 ENE+A+mascRNA reporter is ∼sevenfold greater than the βΔ1,2-MENβ ENE+A+menRNA reporter when both have similar U-rich loops and A-rich tracts ( Fig. 1 B and C) . The proposed MENβ ENE-like structure may be less stable because of fewer U•A-U base triples in the lower triplex, fewer bulged nucleotides, fewer A-minor interactions in stem I, a weaker noncanonical A•G base pair in stem II, a longer single-stranded linker, an unknown trans-regulatory protein, or an unknown factor related to the β-globin reporter assay (Fig. 1A) .
The half-life values reported for mature MALAT1 and MENβ RNAs vary widely: 3-16.5 h for MALAT1 and 1-8 h for MENβ (3, 9, 27) . For nuclear RNA accumulation, formation of the predicted ENE-like structures at the 3′ end is only one feature that may be critical (5) . Mouse knockout studies show MALAT1 and MENβ RNAs are not essential under normal conditions (28) (29) (30) (31) , despite the lack of paraspeckles in MENβ knockout mice (ref. 32 and references therein). MALAT1 has been implicated in pre-mRNA splicing via modulation of SR proteins and in activating a cell-growth control gene program (6, 29, (33) (34) (35) . Because the ENEs discovered so far reside in lncRNAs with nonoverlapping biological functions, all ncRNAs should be included when searching for additional cellular ENE-like structures. Similarly, structural variations, such as noncanonical base triples, should be considered because the MALAT1 and MENβ ENEs contain C and G nucleotides that apparently form a C•G-C triple. Ultimately, solving the 3D structures of the MALAT1 or MENβ ENEs will illuminate the perturbations occasioned by inclusion of C and G nucleotides and inform future searches for structures critical to stabilization of RNA 3′ ends. Fig. 1C . WT nucleotides are black; mutated nucleotides are red. The delta (Δ) symbol represents a nucleotide deletion. In Δhairpin, a GCAA tetraloop was substituted to maintain a predicted stem-loop structure. The WT βΔ1,2 reporter level was set at an arbitrary value of 1. Relative accumulation is the average of at least three independent experiments; error bars represent SD.
Materials and Methods
Plasmids and Mutagenesis. The β-WT (with introns) and βΔ1,2 plasmids have a pcDNA3 backbone and were previously described (Fig. S2) (12, 36) . The βΔ1,2 constructs containing the human MALAT1 ENE (nucleotides 8254-8336), MALAT1 ENE+A-rich tract (nucleotides 8254-8355), MALAT1 ENE+A-rich tract+mascRNA (nucleotides 8254-8424), mascRNA (nucleotides 8356-8424), MENβ ENE (nucleotides 22643-22716), MENβ ENE+A-rich tract (nucleotides 22643-22743), MENβ ENE+A-rich tract+menRNA (nucleotides 22643-22812), and menRNA (nucleotides 22744-22812) fragments were generated by PCR using human genomic DNA as a template. PCR fragments were subsequently inserted into the ApaI site of βΔ1,2, which is 137 nt upstream of the BGH pA signal sequence of AATAAAA, using standard molecular biology techniques (12) . Nucleotide numbering corresponds to the sequences listed for human MALAT1 and human MENβ under accession NR_002819.2 and GQ859162.1, respectively. The sequence numbering for menRNA is a continuation from GQ859162.1. The βΔ1,2-MALAT1 ENE+mascRNA (Δnucleotides 8337-8355) and βΔ1,2-MENβ ENE+menRNA (Δnucleotides 22717-22743) constructs were created using site-directed mutagenesis per the manufacturer's protocol (QuikChange). Nucleotide changes at the locations specified in the figures were created using site-directed mutagenesis. For the UV melting studies, the MALAT1 ENE+A-rich tract (nucleotides 8263-8355) and MENβ ENE+A-rich tract (nucleotides 22649-22743) sequences begin with GG to enhance transcription and were cloned into the EcoRI and Nhe1 sites in the pHDV plasmid [a gift from Graeme Conn (Emory University, Atlanta, GA) (37)]. The previously described PAN ENE core-pHDV plasmid (15) had the sequence 5′-GTATA 32 GA 2 -3′ inserted between the PAN ENE core and HDV ribozyme sequences.
β-Globin Reporter Assays, RNA Preparation, and Gel-Shift Assays. β-Globin reporter assays (12, 16) , RNA preparation for gel-shift and thermal denaturation assays (15) , and gel-shift assays (15) were performed as previously described; modifications are noted in SI Materials and Methods.
Thermal Denaturation Assays. RNA samples (∼0.25 μM) were prepared in a degassed buffer solution (25 mM sodium cacodylate pH 5 or 7, 50 mM KCl, and 1 mM MgCl 2 ), heated at 95°C for 3 min, snap-cooled on ice for 10 min, and allowed to equilibrate at room temperature for 1.5 h before being transferred to a stoppered 1-cm quartz cuvettete. For the bimolecular system, RNA samples contained a 1:1 molar ratio of ENE:A-rich oligo. Absorbance and temperature data were collected using a Chirascan CD spectrometer (Applied Photophysics) equipped with a temperature-controlled turret. Absorbance was monitored at 260 nm as the temperature increased at a rate of ∼0.4°C/min from 25 to 94°C and collected at 0.5°C intervals. Individual melting profiles were analyzed using Origin software (OriginLab) to subtract buffer background, to take the first derivative of absorbance with respect to temperature (δA/δT), and to smooth the data over a 4°C window using the Savitzky-Golay method. T M values were determined from the peak maxima of the first derivative versus temperature plot. T M values are an average of three independent measurements and error represents SD. The SD was ≤1°C, supporting the reproducibility of the measurements.
